We have considered a supersymmetric version of the inert Higgs doublet model, whose motivation is to explain smallness of neutrino masses and existence of dark matter. In this supersymmetric model, due to the presence of discrete symmetries, neutrinos acquire masses at loop level. After computing these neutrino masses, in order to fit the neutrino oscillation data, we have shown that by tuning some supersymmetry breaking soft parameters of the model, neutrino Yukawa couplings can be unsuppressed. In the above mentioned parameter space, we have computed branching ratio of the decay µ → eγ. To be consistent with the current experimental upper bound on Br(µ → eγ), we have obtained constraints on the right-handed neutrino mass of this model.
Introduction
There are many indications for physics beyond the standard model (SM) [1] . One among them is the existence of non-zero neutrino masses [2] . Some of the indications for new physics can be sucessfully explained in supersymmtric models [3] . For this reason, neutrino masses have been addressed in supersymmetry. In a neutrino mass model, there is a possibility for lepton flavor violation (LFV) [4] , for which there is no direct evidence.
Experiments have put upper bounds on the branching ratios of these LFV processes [5, 6, 7] . Due to Glashow-Iliopoulos-Maiani cancellation mechanism, these processes are highly suppressed in the SM and the above mentioned upper bounds are obviously satisfied in it. However, a signal for any LFV process with an appreciable branching ratio gives a confirmation for new physics.
In this work, we study LFV processes of the form ℓ i → ℓ j γ in a supersymmetrized model for neutrino masses [8] . Here, ℓ i , i = 1, 2, 3, are charged leptons. The above mentioned model arises after supersymmetrizing the inert Higgs doublet model [9, 10] .
The inert Higgs doublet model [9] offers explanation for neutrino masses and dark matter.
In this model [9] , dark matter is stable due to an exact Z 2 symmetry and the neutrinos acquire masses at 1-loop level. This model has been extensively studied and some recent works on this can be seen in [11] . Supersymmetrizing this model could bring new features and it is done in [8] . In the supersymmetrization of the inert Higgs doublet model [8] , the discreet symmetry is extended to Z 2 ×Z ′ 2 . In this model, dark matter can be multi-partite [12] due to the presence of R-parity and the Z ′ 2 symmetry. Some variations of this model are also presented in [13, 14] . In the model of [8] , gauge coupling unification is possible by embedding it in a supersymmetric SU(5) structure [15] . The origin of the discrete symmetry Z 2 × Z µ → eγ can give stringent constraints on model parameters, especially on right-handed neutrino mass. Early calculations on µ → eγ in a lepton number violating supersymmetric model can be seen in [17] .
In the model of [8] , apart from µ → eγ there can also be an LFV decay of µ → 3e. In a Type-II seesaw mechanism for neutrino masses, the decay µ → 3e can take place at tree level, due to the presence of triplet Higgs boson. In our model [8] , there are no triplet Higgses, hence the decay µ → 3e will take place at loop level. The current experimental upper limit on Br(µ → 3e) is 1 × 10 −12 [18] , which is about two times larger than that of Br(µ → eγ). So we can expect Br(µ → eγ) to put somewhat tighter constraints on model parameters than that due to Br(µ → 3e). Hence, in this work we focus on the computation of Br(µ → eγ). It may happen that Br(µ → 3e) and Br(µ → eγ) may put some additional constraints on model parameters, but we study these in a separate work.
This paper is organized as follows. In the next section, we describe the model of [8] .
In section 3, we present the expressions for neutrino masses and branching ratios for the decays ℓ i → ℓ j γ. In section 4, we give neumerical results on neutrino masses and µ → eγ.
We conclude in section 5.
The model
The model of Ref. [8] is an extension of minimal supersymmetric standard model (MSSM).
The additional superfields of this model are as follows: (i) three right-handed neutrino
2 ), (iii) a singlet fieldχ. Under the electroweak gauge group SU(2) L ×U(1) Y , the charges of these additional superfields are given in Table 1 . The model of Ref. [8] contains discrete , under which all the quark and Higgs superfields can be taken to be even. The leptons and the additional fields described above are charged non-trivially under this discrete symmetry [8] . The purpouse of this symmetry is to disallow the Yukawa term L iĤuNj in the superpotential of the model, and as a result the neutrino remains massless at tree level. Here,L i = (ν i ,l i ), i = 1, 2, 3, are the lepton doublet superfields. The singlet charged lepton superfield is represented byÊ c i , i = 1, 2, 3. We denote up-and down-type Higgs superfields asĤ u andĤ d respectively.
The superpotential of our model consisting of electroweak fields can be written as [8] 
Here, there is a summation over indices i, j which run from 1 to 3. The first and second terms in the above equation are Yukawa terms for charged leptons and neutrinos, respectively. But, as described before,η 2 is odd under the discrete symmetry of the model and hence the scalar component of it does not acquire vacuum expectation value (vev) [8] . So neutrinos are still massless at tree level. Apart from the superpotential of Eq.
(1), we should consider the scalar potential. The relavant terms in the scalar potential are given below.
As we have explained before that our motivation is to study LFV processes in the above described model. The LFV processes can be driven by charged sleptons. For instance, the off-diagonal elements of soft parameters, (m 2 L ) ij , can drive LFV processes. Similarly, we can write soft mass terms for singlet charged sleptons,Ẽ i , i = 1, 2, 3, in the scalar potential. Also, there can exist A-terms connectingL i andẼ j . The off-diagonal terms of the above mentioned soft terms can drive LFV processes, which actually exist in MSSM. Since our model [8] is an extension of MSSM, we are interested in LFV processes generated by the additional fields of this model. Hence, we assume that the off-diagonal terms of the soft terms, which are described above, are zero.
For simplicity, we assume that the parameters of the superpotential and scalar potential of our model are real. Then, by an orthogonal transformation among the neutrino superfields,N i , we can make the the following parameters to be diagonal, which are given below.
By going to an appropriate basis ofL i andÊ j , we can get the Yukawa couplings for charged leptons to be diagonal. After doing this, we are left with no freedom and hence the neutrino Yukawa couplings, (Y ν ) ij , can be non-diagonal. These non-diagonal Yukawa couplings can drive LFV processes such as ℓ i → ℓ j γ. These LFV processes are driven at the 1-loop level, which we describe in the next section. As explained before, neutrinos also acquire masses at 1-loop level in this model [8] . To calculate these loop diagrams we need to know the mass eigenstates of the scalar and fermionic partners of the fields shown in Table 1 , since these fields enter into the loop processes. Expressions for these mass eigenstates are given in Ref. [19] . However, our notations and conventions are different from that of Ref. [19] . Hence, for the sake of completeness we present them below.
The charged components ofη 1 ,η 2 can be fermionic and scalar, which can be written as (η 
Here, g, g ′ are the gauge couplings of SU(2) L and U(1) Y , respectively. β is defined as
. We can diagonalize the above mass matrix by taking Φ + as
Here, η , χ), respectively. The neutral fermionic fields will have a mixing mass matrix, which is given below.
The above mixing matrix can be diagonalized by an orthogonal matrix as
The neutral scalar fields of Φ 0 can be written as
The mixing matrix among these fields can be written as
Here, the mixing matrices m 
Here, ǫ can take +1 or −1. We have m
. These two mixing mass matrices can be diagonalized by orthogonal matrices U R and U I , which are defined below.
At last, the fermionic and scalar components of right-handed neutrino superfields,N i , can be donted by N i andÑ i , respectively. The fermionic components have masses M i .
The scalar components can be decomposed into mass eigenstates as
The mass-squares ofÑ Ri andÑ Ii , respectively, are given below.
3 Neutrino masses and LFV processes
As described before that in the model of Ref. [8] neutrinos are massless at tree level due to the presence of the discrete symmetry
However, in this model neutrinos acquire masses at 1-loop level, whose diagrams are shown in Figure 1 [8] . After computing these 1-loop diagrams, we have found the following mass matrix for neutrinos. In our work we assume supersymmetry breaking to be around 1 TeV. Hence, we can take all the supersymmetric (SUSY) particle masses to be around few hundred GeV.
With this assumption, we can estimate the neutrino Yukawa couplings by requiring that the neutrino mass scale to be around 0.1 eV [2] . With this requirement, we have found
Here there are six different Yukawa couplings, which need to be suppressed to O(10 −5 ). This could be one possibility in this model in order to explain the correct magnitude for neutrino masses. However, in this case, since the Yukawa couplings are suppressed, LFV processes such as ℓ i → ℓ j γ would also be suppressed. These LFV processes will be searched in future experiments [20] , hence it is worth to consider the case where these processes can have substancial contribution in this model. In otherwords, we have to look for a parameter region where we can have (Y ν ) ij ∼ O(1).
From Eq. (14), it can observed that each diagram of Figure 1 contribute positive and negitive quantities to the neutrino mass matrix. Without suppressing Yukawa couplings, by fine-tuning the masses of SUSY particles, we may achieve partial cancellation between the positive and negative contributions of Eq. (14) and endup with tiny masses for neutrinos. To demonstrate this explicitly, using Eq. (13), we can notice that in the limit
Ii → 0, and hence the second line of Eq. (14) would give tiny contribution. The first line of Eq. (14) can give very small value in the following limiting process: U R (2, l) − U I (2, l) → 0 and m η Rl − m η Il → 0. To achieve this limiting process we have to make sure that the elements of the matrices m can differ by quantities which are proportional to ǫ. These quantities depend on the following parameters: b χ , b η , (Aλ) 1 and (Aλ) 2 . By taking the following
we can get tiny contribution from the first line of Eq. (14) . To sum up the above discussion, without suppressing the neutrino Yukawa couplings we can fine-tune the below seven paramters, in order to get very small neutrino masses in this model.
Apparently, the above parameters are SUSY breaking soft parameters of the scalar potential of this model. A study of neutrino masses depending on SUSY breaking soft parameters can be seen in [21] .
In the previous paragraph we have argued that Majorana masses for neutrinos are vanishingly small when we fine tune certain soft parameters of the model. We can understand these features from symmetry arguments. For instance, when lepton number is conserved, neutrinos cannot have Majorana masses. For lepton number, we can propose a group U(1) L , under which the following fields are assigned the corresponding charges and the rest of the superfields are singlets.
With the above mentioned charges, we can see that the last term in Eqs. (1) and (2) are forbidden. In fact, in the limit M i → 0 and (b M ) i → 0, the two diagrams of Figure 1 give zero masses to neutrinos. Hence, in order to get Majorana masses for neutrinos, we have softly broken the lepton number symmetry. Now, even if we have M i = 0, we have 
Using the above charges, we can notice that µ η -, µ χ -terms in Eq. The Feynman diagrams for ℓ i → ℓ j γ are given in Figure 2 . The general form of the amplitude for ℓ i → ℓ j γ is as follows.
It is to be noted that in the above equation, there is no summation over the indices i, j.
The quantities A (ij)
L,R of the above equation can be found from the 1-loop diagrams of Figure 2 , which we have given below.
From the above expressions, we can notice that in the curly brackets of A (ij) , the first two and the last two terms are arising from the left-and right-handed diagrams of Figure 2 , respectively. Moreover, there is a relative minus sign in the contribution from these two diagrams.
Among the various decays of the form ℓ i → ℓ j γ, the upper bound on the branching ratio of µ → eγ is found to be stringent [5] . Moreover, we have Br(µ → eν e ν µ ) ≈ 100%.
Using this and neglecting the electron mass, the branching ratio of µ → eγ is found to be
Here, α = e 2 4π
and G F is the Fermi constant.
Here we compare our work with that of Ref. [14] . The model in [14] is similar to that of [8] . But, in [14] , a theory at a high scale with an anomalous U(1) X symmetry is assumed. The U(1) X symmetry breaks into Z 2 symmetry at a low scale. Due to these differences, there exists three 1-loop diagrams for neutrinos in [14] , whereas only two diagrams generate neutrino masses in [8] . The diagrams for the LFV processes of [14] is similar to the diagrams given in this paper (see Figure 2 ). But the expression for Br(µ → eγ), which is given in Eq. (20) , is found to be different from that in [14] . We hope that these differences might have arised since the model in [14] has different origin from that of [8] .
Although the main motivation of this paper is to study the correlation between neutrino masses and Br(µ → eγ), below we mention about muon g − 2 in our model. It is known that the theoretical [22] and experimental [23] values of muon g − 2 differ by about 3σ deviation. However, there are hadronic uncertainities to muon g − 2, which need to be improved [22] . Hence, the above mentioned result is still an indication for new physics signal. In our model [8] , muon g − 2 get contributions from MSSM fields [24] as well as from additional fields, which are shown in Table 1 . The contribution from MSSM fields can fit the 3σ discrepancy of muon g − 2 1 . Hence, in our model [8] , it is interesting to know how large would be the contribution from the additional fields of this model. The contribution from these additional fields can be found from the amplitude of Eq. (18), which is given below.
Here, m µ is mass of the muon.
Analysis and results
As described in section 1 that our motivation is to study the correlation between neutrino masses and Br(µ → eγ). We have given expression for neutrino masses in Eq. (14) . We have explained in the previous section that to explain neutrino mass scale of 0.1 eV, we can make neutrino Yukawa couplings to be about O(1), but we need to fine-tune certain SUSY breaking soft parameters which are given in Eq. (15) . We consider this case, since for unsuppressed neutrino Yukawa couplings, Br(µ → eγ) can have maximum values.
As mentioned before, experiments have put the following upper bound: Br(µ → eγ) < 5.7 × 10 −13 [5] . Hence, for the above mentioned parameter space, where neutrino Yukawa couplings are unsuppressed, we compute Br(µ → eγ) by fitting neutrino masses. We check if the computed values for Br(µ → eγ) satisfy the experimental bound [5] .
Before we compute Br(µ → eγ), we first need to ensure that the neutrino Yukawa couplings can be unsuppressed in our model. We can calculate these Yukawa couplings from Eq. (14) by fitting to the neutrino oscillation data. The neutrino mass matrix of Eq. (14) is related to neutrino mass eigenvalues through the following relation.
Here, m 1,2,3 are the mass eigenvalues of neutrinos and U PMNS is the Pontecorvo-MakiNakagawa-Sakata matrix. The matrix U PMNS depends on three mixing angles (θ 12 , θ 23 , θ 13 )
and Dirac CP-violating phase, δ CP . In the above equation there is a possibility of Majarona phases, which we have taken to be zero, for simplicity. We have parametrized U PMNS in terms of mixing angles and δ CP as it is given in [7] .
By fitting to various neutrino oscillation data, we haven known solar and atmospheric neutrino mass-square differences and also about the neutrino mixing angles [26] . In the case of normal hierarchy (NH) of neutrino masses, we have taken the mass-square differences as
In the case of inverted hierarchy (IH) of neutrino masses, the value of ∆m 2 21 remains the same as mentioned above, but, |∆m 2 31 | = 2.38 × 10 −3 eV 2 . In this work, the neutrino mixing angles and CP-violating phase are chosen to be
The above mentioned neutrino mass-square differences, mixing angles and CP-violating phase are consistent with the fitted values in [26] . From the mass-square differences, we can estimate neutrino mass eigenvalues which are given below for the cases of NH and IH, respectively. 
In the previous paragraph, we have mentioned neumerical values of neutrino mass eigenvalues, mixing angles and CP-violating phase. By plugging these values in Eq. (22), we can compute the elements of the matrix m ν , which are related to neutrino Yukawa couplings and SUSY parameters through Eq. (14). Using Eq. (14), we can calculate neutrino Yukawa couplings, in order to satisfy neutrino oscillation data. This calculation procedure would become simplified if we assume degenerate masses for righthanded neutrinos and right-handed sneutrinos. For i = 1, 2, 3, we assume the following:
Under the above assumption, all the three right-handed neutrinos have mass M. The corresponding sneutrinos have real and imaginary components (see Eq. (12)), whose masses would be
Under the above mentioned assumption, the neutrino mass matrix of Eq. (14) will be simplified to
The elements S ij are expressed quadratic in neutrino Yukawa couplings. From the above relation we can see that for certain values of SUSY parameters, S ij can be calculated from (m ν ) ij . Using the above mentioned assumption of degenerate masses for right-handed neutrinos and right-handed sneutrinos, we can see that Eqs. In our model, there are plenty of SUSY parameters, and we need to fix some of them to simplify our analysis. In our analysis, we have chosen the following SUSY parameters as follows.
µ χ = 600 GeV, m η 1 = 400 GeV, m η 2 = 500 GeV, m χ = 600 GeV, m N = 700 GeV, λ 1 = 0.5, λ 2 = 0.6, tan β = 10 (31)
We have varied the parameters µ η and M, freely. In the previous section, we have explained that we need to fine-tune the parameters of Eq. (15) in order to get small neutrino masses. Among these parameters, we take (Aλ) 1 = λ 1 µv 2 /v 1 and (Aλ) 2 = λ 2 µv 1 /v 2 . The other parameters of Eq. (15), without loss of generality, are taken to be degenerate, which are given below.
We have explained before that we have assumed degenerate masses for right-handed neutrinos and right-handed sneutrinos. Under this assumption, the information of neutrino Yukawa couplings is contained in the quantities S ij . Hence, it is worth to plot these quantities to know about neutrino Yukawa couplings. In Figure 3 S 31 , etc in Figure 3 , but we have found that these will also be around O(1). We have plotted S 21 and S 22 in Figure 3 , since these two determine Br(µ → eγ) and ∆a µ .
From the plots of Figure 3 , we can notice that the values of S our results on Br(µ → eγ) and muon g − 2 for the case of NH only.
As described before that our motivation is to compute Br(µ → eγ) in the model of [8] .
In Figure 3 In the left-handed plot of Figure 4 , for µ η = 500 GeV, the right-handed neutrino mass is allowed to be between about 650 to 950 GeV. In the same plot, for µ η = 1 or 1.5 TeV, the right-handed neutrino mass has a lower bound of about 1 TeV. In the right-handed plot of Figure 4 , the lower bound on right-handed neutrino mass is within 500 GeV, even for a low value of µ η = 500 GeV.
The lower bounds on the right-handed neutrino mass, M, are severe in the left-handed plot of Figure 4 . The reason is that for low value of b susy , S 21 would be high, and hence
Br(µ → eγ) would be large. From Figure 4 , we can observe that Br(µ → eγ) initially decreases with M, goes to a minimum and then increases. For instance, in the left-handed plot of Figure 4 , for µ η = 500 GeV, Br(µ → eγ) goes to a minimum around M = 750 GeV, and then it will have a local maxima around M = 1.5 TeV. The reason for Br(µ → eγ) to initially decrease with M is due to the fact that the decay µ → eγ is driven by right-handed neutrinos and right-handed sneutrinos, as given in Figure 2 . The masses of right-handed neutrinos and right-handed sneutrinos are proportional to M, and hence Br(µ → eγ) would be suppressed with increasing M. After that, at a certain value of M, Br(µ → eγ) would tend to become zero. The reason for this is that the sum of the two diagrams of Figure 2 gives a relative minus sign to the contribution of Br(µ → eγ), which is given in Eq. (20) . Hence, for a particular value of M, the contributions from both the two diagrams of Figure 2 cancel out and give a minimum for Br(µ → eγ). Also, Br(µ → eγ) can go to zero asymptotically when M → ∞, since in this limit the masses of right-handed neutrinos and right-handed sneutrinos would become infinitely large and suppress Br(µ → eγ). Hence, Br(µ → eγ) has two zeros on the M-axis.
is a continous function of M and is always a positive quantity, it is having a local maxima between the two zeros on the M-axis.
In the previous section we have described about muon g−2. In Eq. (21), we have given the contribution due to additional fields (see Table 1 ) of our model to the muon g − 2.
Apart from this contribution, MSSM fields of our model also contribute to muon g − 2 [24] , and it is known that this contribution fits the 3σ discrepancy of muon g − 2. Hence, it is interesting to know if the additional contribution of Eq. (21) could be as large as that of MSSM contribution to muon g − 2. In Figure 5 , we have plotted the contribution of Eq. (21) . In the plots of Figure 5 , we have chosen the parameter region such that the neutrino oscillation data is fitted. From the plots of Figure 5 , we can see that for low values of M, ∆a µ can be negative and it becomes positive after certain large value of M.
From these plots we can notice that the overall magnitude of ∆a µ is not more than about 10 −12 . This contribution is atleast two orders smaller than the estimated discrepancy of muon g − 2, which is (29 ± 9) × 10 −10 [22] . From this we can conclude that the additional contribution to muon g − 2 in our model, i.e. Eq. (21), is insignificant compared to the MSSM contribution to muon g − 2.
Conclusions
We have worked in a supersymmetric model where neutrino masses arise at 1-loop level [8] . We have computed these loop diagrams and obtained expressions for neutrino masses.
We have identified a parameter region of this model, where the neutrino osicllation data need to be fine-tuned. In this parameter region, branching fraction of µ → eγ can be unsuppressed, and hence, we have computed Br(µ → eγ). We have shown that the current upper bound on Br(µ → eγ) can put lower bounds on the mass of right-handed neutrino field. Depending on the parameteric choice, we have found that this lower bound can be about 1 TeV. We have also computed the contribution to muon g − 2 arising from additional fields of this model, which are given in Table 1 . We have shown that, in the region where neutrino oscillation data is fitted, the above mentioned contribution is two orders smaller than the discrepancy in muon g − 2.
